Gravitational wave templates used in current searches for binary black holes omit the effects of precession of the orbital plane and higher order modes. While this omission seems not to impact the detection of sources having mass ratios and spins similar to those of GW150914, even for total masses M > 200M ; we show that it can cause large fractional losses of sensitive volume for binaries with mass ratio q ≥ 4 and M > 100M , measured the detector frame. For the highest precessing cases, this is true even when the source is face-on to the detector. Quantitatively, we show that the aforementioned omission can lead to fractional losses of sensitive volume of ∼ 15%, reaching > 25% for the worst cases studied. Loss estimates are obtained by evaluating the effectualness of the SEOBNRv2-ROM double spin model, currently used in binary black hole searches, towards gravitational wave signals from precessing binaries computed by means of numerical relativity. We conclude that, for sources with q ≥ 4, a reliable search for binary black holes heavier than M > 100M needs to consider the effects of higher order modes and precession. The latter seems specially necessary when Advanced LIGO reaches its design sensitivity.
I. INTRODUCTION
The recent direct detection of the gravitational wave (GW) signals GW150914 [1] and GW151226 [2] by the Advanced LIGO detectors [3] has initiated the era of GW astronomy. GW signals are determined by the parameters of their sources, and the related science will crucially depend on our ability to measure these parameters. According to current GW models, both analytical [2, [4] [5] [6] [7] [8] and numerical [9] , the detected GW signals were emitted by two coalescing binary black holes (BBHs) with respective total masses M = (65.3 +4.1 −3.4 , 21.8 +5.9 −1.7 )M , which implied the simultaneous discovery of BBHs [2] . Remarkably, both binaries showed low mass ratios, respectively bounded by q < (1.53, 3.57), and no compelling evidence for a precessing orbital plane.
Searches for GWs from BBHs are based on the matched filtering of the incoming data to theoretical models of the emitted GW signal, known as templates [10] [11] [12] [13] . Thus, successful detection and identification of BBHs depend crucially on the accuracy of these templates. Existing waveform models include those computed within the framework of effective-onebody (EOB) [14] [15] [16] [17] and phenomenological [18] [19] [20] formalisms. Both need to be calibrated to numerical relativity (NR) simulations [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] to faithfully model the late stages of the coalescence. Despite their success in detecting the GW signals GW150914 and GW151226, current searches only implement versions of these models which lack two physical phenomena: the precession of the orbital plane of the binary and the so called higher order modes (HMs) of the GW emission (see Table I ). In the past it has been shown that omission of HMs can cause significant event losses for the case of non-precessing [32] [33] [34] , and non-spinning [35] BBHs with mass ratio q ≥ 4 and total mass larger than ∼ 100M . A recent study including the effects of precession [36] demonstrated that GW searches for BBH with mass ratio q < 5 and total mass M < 100M would increase their sensitivity to precessing sources if precessing templates were added to the corresponding template bank.
A follow-up study of GW150914, however, showed that precession and HMs are not likely to significantly impact the parameter estimation of sources in its immediate vicinity of the parameter space, at the SNR at which GW150914 was detected [37] .
In this paper we study the impact of the joint omission of both HMs and precession effects in current and future GW searches for binary black holes. We note that the LIGO LSC recently reported that no GWs from a BBH with M > 100M were found during the O1 Science Run [38] . For this reason we mostly focus our study on BBHs with total mass M ≥ 100M in the detector reference frame. To this end, we test the ability of the SEOBNRv2-ROM double spin waveform model [15, 16, 39] , used in the LIGO O1 search for BBHs [13] , to recover NR simulated GW signals including the effects of HMs and precession. We perform our study in the context of two versions of the Advanced LIGO detector: one indicative of its early sensitivity, known as early Advanced LIGO (eaLIGO) [40] and its design version known as zero-detuned-high-energy-power (zdLIGO) [41] .
II. HIGHER MODES AND PRECESSION
The GW signal emitted by a BBH in quasi-circular orbit depends on 15 parameters. Eight parameters are intrinsic to the binary system: the individual masses m i and dimensionless spins χ i of its two BHs. We will denote collectively these parameters as Ξ = (m 1 , m 2 , χ 1 , χ 2 ).
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Three other parameters are the luminosity distance d L and the angles θ and ϕ which determine the location of the detector in a reference frame centred in the centre of mass of the binary. The polar angle θ is defined such that θ = 0 coincides with the total angular momentum J of the binary. We will say that a BBH is face-on or edge-on to the observer when the latter is located at θ = 0 or π/2 respectively. Two other parameters are ι and φ, the angular location of the source in the sky of the detector. Finally, the polarization angle ψ p and the coalescence time t c complete the 15 parameters of the binary. In this framework, the strain h produced by a GW signal can be expressed as:
(1)
As usual in GW literature, (h + , h × ) denote the two polarizations of the GW. The antenna patterns of the detector [42, 43] F + and F × can be decomposed in a global factor F and an effective polarization ψ defined as F = F 2 + + F 2 × and tan ψ = F × /F + [44] . With these definitions, the GW strain can be re-expressed as simply:
Above, H denotes the complex GW strain h + +ih × . This can be decomposed as a sum of modes h ,m weighted by spin -2 spherical harmonics Y ,m as:
where h ,m (Ξ; t) = A ,m (Ξ; t)e −iφ ,m (Ξ;t) , A ,m and φ ,m being real.
To a very good approximation, the phase φ ,m (t) of each mode is related to the orbital phase of the binary by
For the case of non-precessing sources, the GW strain is dominated by the ( , m) = (2, ±2) modes, reason why current GW searches for BBHs omit the contribution of the HMs [12, 13] . As shown in Fig. 1 , the HMs only contribute significantly to the GW signal during the last few cycles and merger of nearly edge-on binaries, i.e., θ → π/2. Their effect is also enhanced as the total mass M = m 1 + m 2 and the mass ratio q = m 1 /m 2 grow (where q ≥ 1) [32-34, 44, 45] .
The total angular momentum J of the binary can be expressed as a sum of the orbital angular momentum L and the two BH spins as:
Non-zero spin components within the orbital plane of the binary make L precess around J, leading to a precessing orbital plane [46, 47] . It is common to respectively group the in-plane and parallel components of the BH spins into the two parameters χ p and χ ef f , defined by 1 2 [48, 49] :
A non-zero χ p characterises the presence of a precessing orbital plane, which induces modulations of the frequency and amplitude of the h ,m modes, when these are computed in the non-precessing frame of reference [46, 47, [50] [51] [52] . The latter also leads to an effective mode-mixing: the modes computed in the non-precessing frame are a combination of those computed in the co-precessing one. This leads to precessing waveforms showing particularly strong (2, ±1) modes, mainly due to the contribution of the (2, 2) mode of the co-precessing frame. Fig.1 shows the amplitude of (2, 1), (2, 2) and (3, 3) modes as a function of time, in geometric units. Note how a larger q induces larger (3, 3) modes, this being specially large for the case of the non-spinning q = 10 binary. Note also how, unlike in the case of the non-spinning binary, precessing modes show oscillations in the amplitude and how a large mass ratio triggers both these oscillations and the amplitude of the (2, 1) mode. For the particular case of GT0745, we can see how the (2, 1) mode even dominates the (2, 2) close to the peak of the emission. Fig.2 shows the frequency of the (2, 2) modes of these binaries. Note how the precessing cases show frequency oscillations, particularly strong for GT0745 and GT0742, as noted in [51] , while the non-spinning case GT0568 shows the typical monotonically growing frequency of non-precessing binaries. Table I . provides an overview of the most up to date waveform models. We stress that while some of these include the effects of either precession [4] [5] [6] or HMs [53] , they are not currently used for detection purposes [7] . Together, both HMs and precession make the signal h differ from the one predicted by non-precessing models that consider only the dominant h 2,±2 modes, potentially damaging the ability of current searches to detect GW signals from BBHs.
2 Here, A = 2 + 1.5q.
FIG. 1.
We show the amplitude of the dominant (2, 2) mode and the (2, 1) and (3, 3) higher modes for a selection of simulations. First, note how the amplitude of the (3, 3) mode relative to that of the (2, 2) mode grows with the mass ratio. Second, note how precession triggers, via mode-mixing, both the amplitude of the (2, 1) mode and oscillations in all the modes. These are clearly larger for the two, bottom, large mass ratio cases.
Model
HMs TABLE I. Summary of most up to date waveform models, the effects they include and the purposes they are available for. Here, Det. denotes detection and PE denotes parameter estimation. We want to stress that both precessing models include the l ≤ 2 modes.
III. METHOD A. Analysis
The core of searches for BBH is the matched filtering of the detector output signal s to gravitational waveform template banks B composed of templates h. The output signal s is in general a superposition of a GW signal g and detector background noise n, which we will consider Gaussian and with zero mean. Under this assumption, the output of the matched filter, known as the signal-to-noise ratio (SNR), is directly related to the probability that h is buried in s. The overlap O(h|g) ∈ [0, 1] of a template h to a given waveform g is proportional to the SNR that the template can extract from g. Similarly, one can define the fitting factor or effectualness of a template bank B to g as the overlap maximised over the templates h i of B [58] . The overlap (and the fitting factor) is maximal and equal to 1 when h = g and decreases when as h differs from the waveform g, reducing the recovered SNR. For this reason, it is crucial that template banks implement templates that are accurate representations of the incoming GW signals
In this study we aim to assess the ability of current searches to recover GW signals emitted by precessing binaries via studying the effectiveness of the waveform models that its template banks implement [34, 35] . To this end we compute the fitting factor of our simulated NR precessing signals to the waveform model implemented in the template bank of the LIGO O1 BBH search [13] . The latter is a reduced-order-model (ROM) of the SEOBNRv2 waveform model, which neglects the effects of precession and HMs. Unlike template waveforms used in similar previous studies [32, 34, 35] this model includes unequal spin dynamics, which adds an extra degree of freedom that might improve signal recovery 3 .
For a given simulation in Table II . and a given total mass M , we compute the fitting factor F i and the optimal SNR ρ opt i at a fiducial effective distance d L /F . We do this for a collection of 2500 orientations and effective polarizations (θ i , ϕ i , ψ i ) ≡ Λ i of the binary, and compute the orientation-averaged fitting factor F as in [34, 35] . With this, we can compute the optimal and suboptimal volumes V in which a source can be detected at a given fiducial SNR, and the corresponding fractional volume loss as 4 :
where
Above, the i index runs over the different orientations and effective polarizations Λ i . For a detailed description of the above method, we invite the reader to look at [35, 44] .
As a final remark, we recall that template banks used in GW searches for BBHs, aim for maximum losses of 10% of signals [13, 59] . This implies that the minimum overlap between neighbour templates of the template bank is ∼ 0.965 [60] . Instead, we compute the fitting factor of our NR target signals to a continuous waveform Fig.1 and the GT0742 case. Note that the the frequency of the 4 precessing cases show oscillations that are not present in the non-spinning GT0568 case, which are specially strong for the cases GT0745 and GT0742. The left panel shows the lower frequency end, in which oscillations are already clear for the latter two cases. The right plot zooms in the high frequency end, where oscillations become more violent. This is particularly noticeable for of GT0742.
family, effectively using a "perfect" template bank with a minimum overlap of 1 between neighbour templates. For this reason, the losses we estimate are lower bounds of the ones in which real template banks would incur.
B. Target signals
We consider as a model of the true GW signal NR waveforms computed by Maya-ETK code [29] [30] [31] , recently presented in the GeorgiaTech NR catalogue [28] , that include the HMs and precession. From this catalog of NR waveforms, we choose three classes of sources:
1. Four sources with q ≤ 2 (as GW150914 has been found to have) and various spin parameters χ ef f and χ p . We expect HMs to be negligible for these cases due to the low mass ratio.
2. Nine sources with larger q and varying spin parameters. In this case, we expect both HMs and precession to impact the signal.
3. We choose two non-spinning cases with q = 1 and q = 10. For these, only the HMs impact the signal, which will allow us to compare our results to previous studies.
These NR simulations are summarised in Table II , we scale them to total masses M ∈ [70, 220]M . As in similar studies [34, 35] , we use detector frame parameters. We note that cosmological effects are expected to impact the signals emitted by sources within the Advanced LIGO sensitive range [61] , leading to the detector frame signal being redshifted with respect to the one emitted by the source. This implies that the total mass of a source located at a redshift z will differ from that measured in the detector frame by:
For instance, for the two GW detections GW150914 and GW151226, it was found z 0.1 [1, 2] .
As mentioned before, we use frequency cutoffs of f 0 = 30Hz for eaLIGO and f 0 = 24Hz for zdLIGO. We note that although the latter is predicted to be sensitive down to f 0 = 10Hz, our NR waveforms do not reach such low frequencies for masses < M 210M for most cases. In order to avoid the need of creating hybrid NR+post-Newtonian waveforms [20, 44, [62] [63] [64] [65] , we start at f 0 = 24Hz. Finally, we note that we start the signals in time domain at the time the (2, 2) mode enters the detector band, i.e., the moment t 0 in which its frequency satisfies f 2,2 (t 0 ) = 1 2π dφ2,2 dt (t 0 ) = f 0 . In doing this, and since from Eq.(3) f ,m (t) m 2 f 2,2 (t), we are neglecting small contributions from HMs with m > 2, which enter the detector band before the (2, 2) mode does.
IV. RESULTS
As shown in Fig.1 , precessing sources show (2, 2) modes whose amplitudes and frequencies differ from the monotonously growing ones of non-precessing targets. When precessing effects are strong enough, we expect them to lead to low F even when the source is face-on and the HMs are negligible [33, 34] . As the inclination θ of the source increases, HMs contribute more to the target signal, leading in principle to further discrepancies between our NR signals and SEOBNRv2. However, as we will see, HMs do not always lead to lower F. In particular, we observe this is not the case when F is already low for face-on orientation.
FIG. 3.
Fitting factor, for the case of zdLIGO, of SEOBNRv2 towards two selected NR simulations as a function of (θ, ϕ), projected onto the θ = 0 plane: the non-spinning q = 10 GT0568, where only HMs impact the signal, and the precessing q = 6 GT0745, where precession also contributes. The centre of the plot corresponds to face-on orientation while its contour corresponds to edge-on. Results are shown for orientations with θ ≤ π/2. Fig. 3 , shows the F i obtained for two selected simulations as a function of the orientation (θ, ϕ), averaged over ψ: a non-precessing one with strong HMs and a strongly precessing one with strong HMs. Concretely, the left panel corresponds to the q = 10 non-spinning case, for which HMs dominate the signal, while the right one corresponds to the precessing q = 6 case, for which precession also impacts the signal. When face-on, the non-spinning signal is perfectly matched by SEOBNRv2 due to the absence of HMs. In particular we obtain F 0 = 0.997, while precession leads to a lower F 0 = 0.912 in the right panel case. Looking at the modes of GT0745 in Figs.1 and 2 , it is not surprising that the non-precessing SEOBNRv2 model cannot recover such a highly oscillating (2, 2) mode. In the first case, F i tends toward lower values as we approach edge-on orientations. In the second, a pattern forms mainly due to the interaction of the (2, 2) mode with a strong (2, 1) mode, which leads to several local maximums for particular values of (θ, ϕ). Note that in both cases F i can get below 0.85 for edge-on systems.
A. Face-on results: impact of precession
The top panels of Fig. 4 show the fractional volume loss for the case in which the sources are face-on to the detector. We recall that in this case, only the (2, 2) mode has significant contributions to the GW signal, together with marginal contributions from the (3, 2) mode. Thus, any disagreement between our NR targets and SEOBNRv2 is dominated by the impact precession in the (2, 2) mode (see Fig.2 and 3 ). Given this, we can roughly distinguish two cases here, those that show strong precession effects and hence larger losses, and those that show low losses.
Note that all the cases showing losses above ∼
(5%, 10%) for (eaLIGO,zdLIGO) correspond to precessing sources with q ≥ 4 in which the heavier BH has non-zero in plane spin components. Among them, note that the binaries having χ p > 0.5 (dashed lines) clearly show larger losses than those for which χ p < 0.5 (solid lines). For the former, losses are larger for zdLIGO due to the increased number of precessing cycles in band. Similar to the case of GT0745 mentioned above, note how the extremely oscillating frequency evolution of GT0742 in Fig.2 leads to large disagreements with SEOBNRv2, producing extremely large losses that can surpass 30%.
2. On the other hand, all the other sources showing losses below 5% are either non-precessing, have low mass ratio, or have a heavier BH with no in-plane spin components (dotted lines). As before, all of these sources have χ p < 0.5, which indicates that this parameter is working well at evaluating the impact of precession for the cases we study.
Notice also that while losses increase with the total mass for the case of eaLIGO, they remain quite constant for the case of zdLIGO or even decrease. This is due to the different shapes of the corresponding sensitivity curves: while eaLIGO shows a clear sweet-spot at ∼ 150Hz, the zdLIGO curve is almost equally sensitive at all frequencies spanned by the waveforms 5 . The frequency of the GW emission scales as 1/M , so that increasing the total mass of the binary has the effect of reducing the number of cycles in band and shift the frequency of the GW merger emission, close to which precession effects are the largest. For eaLIGO, this implies that losses will be maximum when the merger frequency is close to that of its sweet-spot (same will apply later for the case of HM's). On the other hand, for zdLIGO, lowering the total mass would increase the number of cycles in band while keeping the merger cycles in a fairly equally sensitive zone of the detector band. This causes losses to remain quite constant or even increase for some cases due to the increased number of precessing cycles in band.
B. Orientation averaged results: impact of higher modes
The bottom panels of Fig. 4 show averaged fractional volume losses for each of the studied sources for eaLIGO (2, 2) mode of the simulation, in geometric units. The source parameters are defined at this frequency. Mmin denotes the minimum mass to which each simulation has been scaled for zdLIGO. The ( , m) modes were read using the Mathematica script provided in [66] .
(right panel) and zdLIGO (left panel). Two cases are present here now.
1. Large averaged losses: First, the sources with q ≥ 4 have strong HM contributions, which leads to averaged fitting factors differ from the face-on ones. Let us divide them into two sub-cases:
• χ p < 0.5 (solid lines): Due to the low impact of precession, these sources show losses below ∼ 10% when face-on. However, HMs make these increase for other orientations of the source. In particular note how losses dramatically rise in the large mass end for the case of eaLIGO, due to the HMs entering the sweet-spot of the detector as the (2, 2) starts leaves the detector sensitive band. Note how the maximum losses are now close to 30% while they barely reached 10% when face-on. For the case of zdLIGO, losses also increase when HMs are added to these cases, except for GT0886, which showed losses of ∼ 15% when face-on.
• χ p > 0.5 (dashed lines): Again, the contribution from HMs makes losses differ from the face-on ones. However, their qualitative impact is not as clear as in the previous case. In fact, in some cases, addition of HMs tend to reduce losses with respect to the face-on case. This is for example the case of GT0745, which is consistent with Fig.3 showing maximum fitting factors for orientations other than face-on. In all cases, the losses are still clearly above 10% for both detectors, reaching 25% for some cases. Consistently with [44] , losses are in general larger for the case of eaLIGO, due to the enhanced effect of HMs for the shorter signals it is sensitive to, due to the larger f 0 . The exception to this is the GT0742 case, for which its strong precession effects (see Fig. 2 ) are enhanced for zdLIGO, due to its lower f 0 increasing the number of cycles in band.
2. Low averaged losses: lets focus on the non-spinning q = 1 case and the precessing q ≤ 2 cases, which can be considered heavier versions of GW150914. These sources are always well recovered by the SEOBNRv2 model and always show averaged losses way below 10% for both the face-on and orientation averaged cases. This implies that, in average, none of precession or HMs should have an impact when searching for this sort of systems, the latter being expected due to the low mass ratio of the sources. Consistently, it was recently found that these two effects do not impact the estimation of the parameters of sources similar to GW150914, for most of the orientations of the source [37] .
Note that for all cases, the averaged losses clearly grow as a function of the total mass for eaLIGO, due to the > 3 modes entering its sweet-spot. Note that from Eq.(4), the loss for a given M source at a given redshift z, would be, in terms of the losses we show ∆V (M source , z) = ∆V (M detector (1 + z) ). Since for eaLIGO losses clearly increase with the total mass, these would be larger if we had used source frame masses.
Unlike for eaLIGO, in the case of zdLIGO the losses remain fairly more constant along the mass range due the absence of a sweet-spot. These two different behaviours are consistent with those shown in [34] , Fig.6 . Also, in contrast with that study, focused on aligned-spin sources, we find here that most precessing cases show losses in the low mass end which are larger for zdLIGO, due to the increased number of cycles in band impacted by precession. This suggests that precession will impact more the searches in the low mass of our parameter space when Advanced LIGO reaches its design sensitivity.
Finally we check that the results we obtain for nonspinning binaries are consistent with previous studies. On one hand, as expected, the non-spinning q = 1 source is perfectly recovered by SEOBNRv2. On the other, the q = 10 case shows losses just below 20% for zdLIGO and between 16% and 24% for eaLIGO, consistent with [34, 35] 
V. ON ESTIMATING THE SENSITIVITY OF A SEARCH VIA FITTING FACTORS
To a first order, the sensitivity of a search to a given source can be estimated, as has been done in this and previous studies [34, 35] , by means of the fitting factor of the corresponding template bank to the GW emitted by the source. However, we want to stress that as pointed in [32, 36] , a search including HMs or precession would require an increased number of templates. This would raise the False Alarm Rate of the search and require GW triggers to have a larger SNR to be as significant as in the search omitting the aforementioned effects. As an example, the study conducted in [32] shows that triggers having a SNR of ρ = 8 in a non-spinning search would need to get to ρ = 8.3 for being equally significant when higher order modes are included in the search, which implies that the source needs to be located at 0.963 times the original distance. A similar situation is reported for the case of a search for BBH with (q, M ) < (5, 100M ), when precession effects are added to an aligned-spin search [36] . This effect has not yet been quantified for the case of including HMs and precession to an aligned-spin search, and its estimation is above the scope of this work.
We want to also note again that while our SEOBNRv2 bank is effectively infinitely dense (minimum match =1), the aligned spin banks used in real GW searches [13] consider a minimum match of ∼ 0.965. This means that the fitting factors we find are upper bounds of the ones that would be obtained if using a search template bank. Hence, in this sense, the losses we obtain are lower bounds of the real ones.
Finally, since we do not run any actual search algorithm, we have also omitted the impact of signal based vetoes that real GW searches implement [11, 67, 68] . The goal of these vetoes is to discriminate between triggers produced by real GW signals and spurious triggers of terrestrial origin known as glitches [69] [70] [71] . This is done by lowering the significance of signal triggers whose morphology differ from that of the template [11, 12] , or in other words, have a low fitting factor with the template that picked them. This would further reduce the sensitivity of current aligned-spin searches to our NR signals, which include the impact of precession and HMs.
VI. CONCLUSIONS, LIMITATIONS AND FUTURE WORK
Current gravitational wave searches for binary black holes implement waveform models that omit the effects of both higher order modes and the precession of the orbital plane of the binary. We have estimated the impact of this omission via computing the fitting factor of such a waveform model towards simulated NR signals including both higher modes and precession effects. We find that the model we consider, SEOBNRv2, shows a good fitting factor toward our NR signals when q ≤ 2. This suggests that after averaging over orientations, none of precession or higher modes should have an impact in the detection of systems similar to GW150914, even when the total mass surpasses 200M . This is consistent with the fact that the two binary black holes detected by LIGO up to date, GW150914 and GW151226, exhibited low mass ratios q < (1.53, 3.57). In fact, a recent follow-up study for GW150914 [37] showed that neither precession nor higher modes were likely to affect the parameter estimation similar systems, consistently with our results.
However, we find that for the systems heavier than 100M and q ≥ 4 considered in this study, searches can be severely compromised by the aforementioned omission. Among these sources, we find that for those having a precessing spin parameter χ p > 0.5 precession dramatically impacts the resulting GW signal, and hence the fitting factors, even when the sources are face-on. Quantitatively, we observe that omission of precession and HMs effects can lead to orientation-averaged losses of ∆V > 25% for the highest masses studied for the case of eaLIGO. Typical losses for zdLIGO are of the order of ∼ 15% for all the studied mass range. We also find that, unlike in the case of non-precessing sources [34] , for the q ≥ 4 precessing sources, zdLIGO shows larger losses than eaLIGO in the low mass end of our parameter space, suggesting that consideration of precession effects will be specially needed once Advanced LIGO reaches its design sensitivity, and the length of the signal in the detector band increases.
Our study is limited by the length of our NR simulations, which required a frequency cutoff f 0 = 24Hz for the case of zdLIGO, far from its expected f 0 = 10Hz value. As mentioned before we also neglect the impact of signal based vetoes [11, 67, 68] , which would further punish signals having a low match to the non-precessing bank waveforms, leading to larger losses. It is also out of the scope of this work to compute the false alarm rate due to the incremented number of templates needed in a search including precession and higher modes. It is been shown, however, that even with this raise the sensitivity of a search would still increase when adding precessing waveforms [36] .
Altogether, we hope to further motivate the development of complete inspiral-merger-ringdown waveform models that include the effects of both precession and higher order modes and their implementation in searches for BBH. We note that an effort toward the implementation of a precessing search is already on its way [36] .
